Background and Purpose-Results on the effect of weather on stroke occurrences are still confusing and controversial.
M ost of studies worldwide demonstrated significant relationships between weather and stroke events. [1] [2] [3] [4] [5] [6] [7] [8] [9] Nevertheless, as reported in a recent review, 10 authors often described discordant effects of both air temperature and atmospheric pressure.
Because it is well known that the temperature effect on overall stroke mortality reveals characteristic nonlinear relations, 3 also investigations dealing with hospitalizations should account for possible shape effects. Furthermore, the potential delayed effect of stroke events after temperature exposure has often been omitted with consequent incomplete study conclusions.
Another "typical" problem in epidemiological studies is the quality of weather/climatological data currently obtained from ground meteorologic stations. This approach limits the analyses on a restricted geographical area because most ground meteorologic variables (especially air temperature) suffer a limited spatial dependence starting from their measurement point and relying on land characteristics.
Atmospheric sciences have accurate and physically consistent tools that might solve this limitation: centralized homogenized data sets of gridded weather/climate data covering all globe surfaces and at different altitudes, briefly called "Reanalysis," provided by appropriate models that collect all available meteorologic observations.
Reanalysis products have played a major role in advancing climate science and are also being used in an increasing range of practical applications in sectors such as energy, agriculture, water resources, and insurance. 11, 12 A few applications of Reanalysis to support epidemiological surveys already exist and particular attention was addressed to the evaluation of climate-related epidemic onset. 13, 14 On the other hand, no such applications in environmental epidemiology of cerebrovascular diseases are reported in the scientific literature.
Thanks to their intrinsic properties, Reanalysis data collected at a reasonable height asl allow the extension of environmental epidemiological surveys accounting for weather conditions over wide geographical areas, permitting large population-based studies.
The aim of this study was to retrospectively investigate the weather-related stroke events in a large sample of patients hospitalized in Tuscany (central Italy) during an 11-year period (1997 to 2007) . For this purpose, the mentioned innovative source of weather data (Reanalysis) was used together with an original statistical approach accounting for the nonlinear effect of temperature and quantifying the prompt/delayed health effects of both cold and heat exposure.
Methods

Patient Data Analysis
This study was carried in Tuscany (central Italy), an area of approximately 22 990 km 2 and 3.5 million inhabitants. Health outcome stroke data were provided during an 11-year period (1997 to 2007) by the Hospitalization Registry of the Tuscany Region. Patients with a primary discharge diagnosis coded by professional nosologists as stroke according to the International Classification of Diseases, 9th Revision, Clinical Modification (codes 430 to 438), together with the date of impatient discharge, gender, and birthday, were selected from all regional medical institutions.
Only data of people residing in Tuscany were considered. Stroke subtypes were categorized as subarachnoid hemorrhagic stroke (SHS; code 430), primary intracerebral hemorrhage (PIH; codes 431 to 432), ischemic stroke (IS; codes 433 to 435), and other stroke (codes 436 to 438). 15 Hospitalizations were stratified by age (Ͻ65 years; Ն65 years).
Weather Data
Daily average air temperature (T 850hPa ) and geopotential height (Hgt 850hPa ) were selected from the grid point located over Tuscany at 850-hPa atmospheric pressure level from the NCEP-DOE Reanalysis 2 Achieve. 16 The 850-hPa pressure level represents 1 of the lowest atmospheric layer generally considered in meteorology to evaluate ground weather characteristics. T 850hPa (°C) and Hgt 850hPa (m) represent reliable proxy of the average surface temperature and sea level pressure.
Hgt 850hPa represents the height where the isobaric measure corresponds to 850 hPa. The average altitude of Hgt 850hPa for the Italian latitudinal range is approximately 1500 m, but this value can change depending on the air mass characteristics moving in the atmosphere over the Earth's surface: an increasing/decreasing Hgt 850hPa indicates an increasing/decreasing sea level atmospheric pressure corresponding to high/low atmospheric pressure, respectively.
Statistical Analysis
All statistical analyses were made by R statistical software Version 2.8.1.
Variations of stroke hospitalizations among years, seasons, and days of the week were investigated by nonparametric analyses (Kruskal-Wallis and Wilcoxon test).
Weather-related stroke hospitalizations were initially investigated through generalized linear models 17 with Poisson link. Meteorologic input data were assessed by averaging T 850hPa and Hgt 850hPa measured on a specific day with the value measured the previous one (lag 0 to 1) and also day-to-day changes of meteorologic variables (⌬T 850hPa and ⌬Hgt 850hPa ) were calculated. Temporal variables (years, seasons, and days of the week), public holidays, and summer population reduction due to holidays were considered as categorical factors. Daily hospitalizations were the dependent variables. Model selection was made by the step Akaike Information Criterion function ("MASS" R-package).
Generalized additive models 18 with a Poisson link were successively used to estimate smoothed shapes of exposure-response curves between stroke hospitalizations using predictors previously selected by the generalized linear model/step Akaike Information Criterion analyses. Break points, 19 corresponding to critical thresholds of weather variables were then identified.
With the aim to account the prompt or delayed effects on stroke hospitalizations of low/high temperatures and to quantify the possible "harvesting" effect, an innovative modeling approach named "constrained segmented distributed lag model" 20 was adopted. A maximum of 60 days was considered as a sufficient length of time to estimate all possible short-term excess/deficit due to either heat or cold exposure. A specific R-package, "modTempEff," was used. 20 Results are summarized showing the peak lag specific risks of cold/heat for a 1°C decrease/increase of T 850hPa below/above the previous identified temperature critical thresholds. Furthermore, a graphical representation of the distributed lag (DL) curves for cold and heat is also shown.
Results
Descriptive Statistic
Descriptive statistic is shown in the supplemental materials (available at http://stroke.ahajournals.org.). Highly significant fluctuations (PϽ0.001) of total stroke hospitalizations were observed among years, seasons, and days of the week. A progressive increase in hospitalizations going from 1997 to 2006, followed by a slight decrease in 2007 (respect to 2006), was observed. Minimum peaks of hospitalizations were observed during summer and on Sunday, whereas the maximum occurred on Monday.
Relationships Between Meteorologic Variables and Stroke
The generalized linear model/step Akaike Information Criterion procedure selected all meteorologic variables as independent predictors of all stroke events (Table 1) .
Significant negative associations between T 850hPa and all stroke hospitalizations and particularly PIH (PϽ0.001) were observed with the greatest effect in people Ն65 years of age; a 5°C decrease of T 850hPa was related to 1.9% and 16.5% increase of all stroke and PIH, respectively. These associations were essentially linear and a steeper line in subjects Ն65 years of age hospitalized for PIH ( Figure 1A ) than for all stroke ( Figure 1B ) was observed.
Negative associations were also found when the Hgt 850hPa was considered (Table 1) , but lower magnitudes than T 850hPa were noticed. Significant associations were observed when all stroke, IS, and other stroke were considered with a prevalent effect in people Ն65 years of age. These associations were nonlinear and with well-defined estimated break points. The steepest curve was evidenced when hospitalization for IS of subjects Ն65 years of age were considered ( Figure 1C ).
Concerning the potential effect of day-to-day changes of meteorologic variables on stroke hospitalizations, ⌬Hgt 850hPa was selected as a weak significant positive predictor of all stroke (Pϭ0.056), other stroke, and people Ն65 years of age admitted for PIH. In these latter cases, a characteristic "U-shaped" relationship was observed ( Figure 1D ): the minimum hospitalization was observed when small negative ⌬Hgt 850hPa occurred; starting from this point, hospitalizations gradually increase as the ⌬Hgt 850hPa progressively decreased or increased.
The generalized linear model/step Akaike Information Criterion also selected the ⌬T 850hPa as a significant predictor of stroke hospitalizations. Highly significant positive relationships were observed for all stroke, IS, and other stroke, especially when people Ն65 years of age were considered; ⌬T 850hPa increase of 5°C was associated with an increase of 1.2%, 1.5%, and 2.6% of all stroke, IS, and other stroke, respectively. A "J-shaped" association ( Figure 2A ), characterized by a sudden marked increased risk of hospitalization when the ⌬T 850hPa exceeded ϩ5°C, was observed; the estimated break point was higher in all strokes ( Figure 2B ) than in people Ն65 years of age ( Figure 2C ). A sudden increase of hospitalizations also occurred when ⌬T 850hPa exceeded Ϫ5°C (Figure 2A ) but in this case after reductions of hospitalizations for extreme negative ⌬T 850hPa values were observed.
On the other hand, opposite ⌬T 850hPa estimated values were observed when SHS and PIH were considered (Table 1) : ⌬T 850hPa was selected as a negative significant predictor of both people Ն65 years and Ͻ65 years of age hospitalized for SHS and PIH, respectively. In these cases, prevalent linear associations were observed; ⌬T 850hPa decrease of 5°C was associated to an increase of 8.2% and 11.5% of SHS and PIH hospitalization, respectively.
Constrained Segmented DL Model
The average estimated T 850hPa thresholds (Table 2) where stroke hospitalizations were at their minimum were 8°C for the total number of stroke and people Ͻ65 years of age and 10°C for people Ն65 years of age corresponding to average ground level temperatures of 13°C and 16°C, respectively, during the period under study.
The lag at which the cold effect on hospitalization was greatest (peak lag) was limited to 7 days after exposure. A prompt cold effect (lag 0 to 2) on PIH hospitalization was observed (Table 2) , also associated with the greatest cold effect among all outcomes and in particular for people Ն65 years of age. The estimated DL curve of cold effect on PIH ( Figure 3A) clearly showed a short-term "harvesting" effect across lag 3 to 6. The harvesting effect occurs when a positive association at short lags (positive lag-specific DL coefficients) is followed by negative associations at longer lags (negative lag-specific DL coefficients), which should suggest a "deficit" of hospitalization. Then DL coefficients tended to zero at longer lags ( Figure 3A) .
A completely different situation was observed for the heat effect. In this case, a delayed heat effect on hospitalizations was observed; the greatest heat peak lag was only observed 2 (PIH; Figure 3B ), 3 (SHS), or more weeks after the heat exposure. The magnitude of the heat effect was in most cases 
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very weak and often significantly lower than that observed for the cold effect (Table 2) .
Discussion
This study provides helpful results to clarify several discordances among previous studies and supports a recent review, 10 which reported that the influence of climate/weather on cerebrovascular risk is biologically plausible. One of the major contribution to this study derives by the use of an innovative source of meteorologic data (Reanalysis). Thanks to the main characteristics of the Reanalysis (reduced spatial meteorologic variability, data are uniform, homogeneous, and continuous), it was possible to perform this study over a wide geographical area.
The main findings are:
(1) Both daily averages and day-to-day changes of T 850hPa and Hgt 850hPa were selected as independent predictors of all stroke occurrences with a prevalent effect on people Ն65 years of age. (2) Differences in weather-related hospitalizations for specific stroke subtypes were observed:
• T 850hPa decrease was linearly associated with PIH increases.
• Hgt 850hPa decrease was nonlinearly associated with IS and other stroke increases.
• ⌬Hgt 850hPa disclosed characteristic "U-shaped" relationships with PIH and other stroke.
• ⌬T 850hPa revealed "J-shaped" associations with IS and other stroke but also showed negative linear relationships with SHS and PIH. (3) A short-term cold effect on hospitalizations limited to 1 week after exposure was observed; on the other hand, delayed and very weak heat effects were observed.
It is reasonable to hypothesize that the temporal variability of stroke events cannot be attributed to a single cause, but it is an expression of interacting multifactorial causes, in which changeable and unchangeable stroke risk factors as well as environmental factors are involved. In particular, age per se is an important independent risk factor for stroke. In a recent European large population-based study, 21 the authors evidenced that some important stroke risk factors such as the prevalence of hypertension, diabetes mellitus, coronary heart disease, and, in man, atrial fibrillation decreased in subjects Ͼ70 to 80 years of age. Notwithstanding in the present study, the weather was selected as a significant predictor of stroke events, especially in the elderly population, suggesting an Relationship between smoothing plots of air temperature (T 850hPa ), geopotential height (Hgt 850hPa ), and day-to-day change of geopotential height (⌬Hgt 850hPa ), against subjects Ն65 years of age hospitalized for primary intracerebral hemorrhage (A, D), all stroke (B), and IS (C). The geopotential height considered in this study represents the height at which the isobaric measure corresponds to 850 hPa (averagely 1500 m asl). An increasing/decreasing Hgt 850hPa indicates an increasing/decreasing sea level atmospheric pressure, corresponding to high/low atmospheric pressure, respectively.
aggravating effect of the environment on stroke occurrences. On the other hand, the prevalence of traditional cardiovascular risk factors, including smoking, alcohol, and obesity, evidenced in patients Ͻ60 years of age, 21 might play a major role on risk of stroke in younger subjects.
Effect of Air Temperature
The association between T 850hPa decrease and PIH emphasized in this study agrees with previous findings in different population and geographical areas of Asia, 2,9 Europe, 1,7 and North America. 22 Despite elevated blood pressure and in- 
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creased blood lipids associated with low temperatures 23,24 that might be hypothesized as possible contributing mechanisms of PIH, several authors 9 evidenced that the relationship between low temperature and intracerebral hemorrhage was also significant after adjustment for blood pressure and total cholesterol. For this reason, it is also plausible that other biological reactions to cold conditions might contribute to explain the underlying pathophysiology responsible for this relationship. Other authors 25 recently investigated the potential rule played by short-term temperature changes and found that a variation of 3°C within 24 hours before the ictus increased the incidence of stroke. This value was found similar to the estimated break points (critical thresholds) identified in this study, in which a characteristic "J-shaped" association between ⌬T 850hPa and all stroke hospitalizations was observed; a lower critical ⌬T 850hPa threshold in subjects Ն65 years of age (1.3°C) than in the total sample (2.6°C) was observed. This means that elderly people might experience a stroke event in advance when day-to-day increases of air temperature occur. The marked increase of stroke hospitalizations observed when the ⌬T 850hPa exceeded 5°C (Figure 2 ) might appear contradictory with the significant increase of all stroke observed in this study when the T 850hPa decreases. This apparent contradiction is solved knowing that most of ⌬T 850hPa increases exceeding 5°C (94% of days) occurred during the coldest months of the year (October to March) and never during warmer months (June to September). This means that stroke increased when substantial increase of ⌬T 850hPa started from a relatively low daily average temperature value, typical of the coldest months of the year. These day-to-day temperature changes may be associated with behavioral changes that in turn might influence the risk of stroke hospitalization. 26 This hypothesis is supported by another study 27 that demonstrated that the highest winter blood pressure followed a sudden day-to-day air mass change: from anticyclonic weather (settled, cloudless and cold weather) to a cyclonic one (unstable, cloudy, and mild weather). In this condition, the thermal perception of people might be especially worsened if subjects are surprised in outdoor environment with inappropriate clothing. Correct clothing behavior was indeed reported to contribute in preventing the excess winter mortality. 3 Furthermore, it is already known that, especially when cold conditions are considered, the temperature effect on mortality is not limited to the same-day exposure but it shows a well-observed DL effect. 28 The application in the present study of a new modeling approach, which accounts for the nonlinear effect of temperature and the DL of heat and cold exposures, allowed to demonstrate the deeper cold effect on stroke hospitalizations than the heat effect. Several authors 28 showed a sustained and distributed cold effect on mortality across a 60-day period in other cities. On the other hand, in the present study, the cold effect on stroke hospitalizations was less distributed and limited to 1 week after exposure. The reason of this discrepancy is probably because most patients with stroke die several days or months after hospitalization.
Moreover, hospitalizations for PIH revealed the highest temperature dependence among stroke subtypes showing a prompt cold effect (lag 0 to 2) followed by a short-term harvesting effect. This phenomenon has been previously described in studies concerning the heat effect on mortality 28 and at our knowledge this is the first time that the harvesting effect is also described for cold-related hospitalizations. This short-term "deficit" of hospitalizations across lag 3 to 6 suggests that several frail people vulnerable to cold effects (such as those with pre-existing cardiovascular risk factors) may be expected to be hospitalized anyway within a shortterm period.
Effect of Atmospheric Pressure
Only few scientific evidences on the potential influence of atmospheric pressure on stroke have been reported. 4, 6 Nevertheless, the observed significant increase of IS when the Hgt 850hPa decreased (meaning a sea level decrease of atmospheric pressure) was in accordance with a Russian study. 4 These authors also concluded that any decrease in air pressure represents an important predictor of all stroke. The "Ushaped" relationship of ⌬Hgt 850hPa with stroke events disclosed in this study supports findings from a recent European study 6 and help to clarify discordances among previous research. At the moment, the physiological mechanisms to describe the relationship between atmospheric pressure and stroke are still unexplained and only theoretical hypotheses have been proposed. 10 
Strengths and Limitations of the Study
The main strength of this study was the use of Reanalysis data derived by modeling different sources of measured meteorologic data. A good agreement between observed surface meteorologic variables and National Oceanic and Atmospheric Administration Reanalysis data has clearly been shown. 29 The Reanalysis approach might allow several useful advantages in environmental epidemiology: (1) great weather space-temporal data availability all over the Globe starting from 1979; (2) data are uniform because assessed by using the same methodology, which reflects the state-of-the-art analysis/forecast system to perform data assimilation; and (3) data are homogeneous, continuous, and without any lack.
All these characteristics allow large population-based studies over wide geographical areas. Moreover, because Reanalysis data are interpolated onto a system of grids and are ready for operative forecast systems, results can simply be implemented for biometeorological/epidemiological purposes.
This study has also several potential limitations. It is expected that there is misclassification of the outcome because of inaccurate discharge diagnosis codes. However, accuracy and reliability of International Classification of Diseases, 9th Revision codes for identifying stroke in Italian healthcare databases have been previously evaluated 15, 30 and agreement was substantial for the whole code group 430 to 438 and for specific stroke subtypes. Furthermore, it was not known the exact time of onset of stroke and data on nonhospitalized cases and those who died before admission were not available for the analyses.
The potential impacts of other environmental variables such as atmospheric pollutions as well as airborne allergens were not considered in this study. Although these variables are strongly interrelated with weather conditions, their individual effect might potentially contribute to increase the risk of stroke admissions. 5 The very weak heat effect on stroke occurrences evidenced in this study might hide a pollution effect and in particular the potential short-term effect of ozone air pollution. 31 However, heterogeneity of the pollution effect and sometimes conflicting results have been noted. 32, 33 In Tuscany, both environmental pollutions and airborne allergens data are discontinuously monitored, generally covering limited geographical areas (the main urban areas). For these reasons, these data are not associated with Reanalysis data applied in this study. Further investigations might be performed over limited geographical areas and for short time periods also taking into consideration the potential contribution of other atmospheric (ie, pollution and pollens) and meteorologic (ie, humidity and wind) variables or even the microclimate nearest to the subject, which should represent the real individual exposure that does not necessarily correspond to the environmental meteorologic conditions.
Another limitation is that other potential confounders such as influenza epidemics or other respiratory infections were not directly considered in this study. Infections are strongly related to the season with a prevalence at our latitude during winter. 34 Despite in the current study that the analyses were controlled for several temporal variables such as the season, residual confounding by short-term respiratory epidemics remains a possibility.
Conclusions
This study highlights the influence of meteorologic conditions on stroke occurrences and provides further information helpful to enhance knowledge on this complex and still controversial phenomenon. Weather has a different impact on specific stroke subtypes, confirming the fact that stroke is a heterogeneous condition. Characteristic U-and J-shaped weather associations with stroke events and, for the first time, a clear short-term harvesting effect for cold-related PIH hospitalizations were described. Because all these findings have been obtained by using an innovative source of meteorologic data (Reanalysis) directly interpolated onto a grid of a weather forecast system, results from epidemiological studies can simply be implemented in operative forecast systems for biometeorological purposes. The development of public health strategies to minimize the weather-related stroke risk represents a strategic preventive health plan.
ONLINE SUPPLEMENT SUPPLEMENTAL TABLE S1: Descriptive statistic of daily hospitalizations for stroke and meteorological parameters. Hgt 850hPa and ∆Hgt 850hPa , T 850hPa and ∆Hgt 850hPa represent the daily average and day-to day changes of geopotential height and air temperature respectively. All these meteorological parameters were selected from the grid point of NCEP-DOE Reanalysis 2 achieve located over Tuscany at 850 hPa pressure level (averagely 1500 m a.s.l. 
